the pumping well; however, adsorption of Fe II and Mn II by accumulated hydrous ferric oxide and 28 hydrous manganese oxide in the well bore and pump riser provides "infinite" time for surface-29 catalyzed oxidation and a convenient source of energy for iron-oxidizing bacteria, which colonize 30 the surfaces and also catalyze oxidation. Thus, rapid clogging is caused by mixing-induced redox 31 reactions and is exacerbated by microbial activity on accumulated hydrous oxide surfaces. 32
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INTRODUCTION 34
Ground-source geothermal heating and cooling technologies can alleviate the use of fossil 35 carbon energy and reduce greenhouse gas emissions to the atmosphere 1 .
The technology of open-36 loop systems with direct transfer of energy from groundwater through a heat exchanger between 37 pumping and injection wells (doublets) can be particularly cost-effective for heating and cooling 38
buildings. Yet, the major issue associated with shallow geothermal doublets is the clogging of 39 wells, exchangers, filters and other surface equipment by "biofouling" deposits that consist of 40 mineral 2-5 and microbial 6-9 encrustations. Guaranteeing the sustainability of a groundwater heat 41 pump system is challenging because of the rapidity at which such biofouling may appear, during 42 the first year of exploitation in some cases observed by the authors. Clogging issues are also 43 common in other groundwater sectors such as drinking water production [10] [11] [12] , managed aquifer 44 storage and recovery 13, 14 , and dewatering systems 15, 16 . Although the processes at the origin of 45 biogeochemical clogging have been described [17] [18] [19] , the critical variables affecting hydrogeological 46 and biogeochemical processes driving well biofouling are poorly characterized 20 . This is 47 particularly true for unstable field parameters that can vary spatially and temporally with 48 consequent effects on reaction development and rates, especially in the context of geothermal 49 systems where neighboring geothermal doublets may exhibit different sensitivities to clogging, as 50 illustrated in the present study. 51
Physical, chemical and microbiological processes contribute to clogging. Iron 
Mixing of oxic and anoxic groundwater can occur through different pathways: (1) Leptothrix sp. 44 ; twisted stalks may indicate Gallionella sp. 44 . 195 however, only a small fraction of that thickness (1.0 μm) is assumed to be in contact with water 281 for surface reactions. Furthermore, the coating on the gravel pack was assumed to be 100% HFO 282 (Fe), whereas that on the well and pump was 97.0% HFO, 2.9% HMO, and 0.1% hydrous 283 aluminum oxide (HAO). Simulation results for the default FeOB oxidation rate (1X) ( Figures.  284   5A -5B) produce the observed "biofouling" with iron-rich solids; increasing the FeOB oxidation 285 rate by a factor of 10 (10X) greatly increases the accumulation of precipitate ( Figures. 5C-5D) . (Figure 2) . Humate in the model may be considered a surrogate for natural organic matter 364 (NOM) and manmade organic compounds that have varying capacities to form metal-organic 365 complexes 60, 61 . NOM contains between 40% and 60% C (fulvic acid 40% to 50% and humic acid 366 50% to 60%), whereas organic molecules of manmade origin have wide ranges in concentration 367 of C (tetrachlorethylene 15% C to PAH 90% C). Rose and Waite (2003) 60 reported that Fe 5C-5J) . 386
The simulations show that if a uniform mass of HFO per liter of water is present throughout the 387 gravel pack, well bore, and pump, most of the Fe II and Mn II removal takes place by adsorption 388 processes within the gravel pack, which has a large surface area (Figures SI.5C-5D ). However, 389 based on our observations, the deposits were more extensive within the upper part of the well, 390 pump, and riser pipe, and the observed materials contained a mixture of HFO and HMO. 
